ABSTRACT: Currently, the pork industry attempts to formulate energy levels in swine diets to within a tolerance of 1.5%. This is difficult to achieve in practice when the energy content of primary ingredients fluctuates by up to 15%. This experiment was carried out to define the sources of variation in the energy content of barley and to develop a practical method to accurately estimate the DE and ME content of individual barley samples. Four samples of each of five covered barley varieties (AC Lacombe, B-1602, Bedford, Harrington, and Manley) were collected to obtain a range of quality within each variety. Five measurements were collected on each barley sample using 60 crossbred barrows in an apparent total tract digestibility study. The barrows, average BW of 35.3 kg, were housed in individual metabolism crates to facilitate separate collection of urine and feces. Fiveday collection periods followed 5-d diet acclimation periods. Levels of total b-glucan, ADF, CP, and starch (90% DM) in the 20 barley samples ranged from 2.7 to 4.5%, 4.5 to 9.2%, 10.8 to 15.1%, and 42.3 to 53.4%, respectively. The mean DE and ME content of the 20 samples were 2,934 and 2,857 kcal/kg (90% DM), respectively, and varied among samples by 15.2% (447 kcal). The complex structural cell wall carbohydrates seemed to have the greatest influence on the energy content of individual barley samples. The ADF fraction alone accounted for 85% of the total variation in energy content of the 20 samples. Converted into a prediction equation, DE = 3,526 − 92.8 × ADF (90% DM), the ADF content was used to estimate the DE content of barley with 85% accuracy. This experiment confirms the large variation in the energy content of barley, describes the factors that influence this variation, and presents equations based on chemical and(or) physical measurements that may be used to predict the DE and ME content of individual barley samples.
Introduction
Barley ( Hordeum vulgare L.), a common feedstuff in many parts of the world, is used in pig diets primarily as an energy source (Newman and Newman, 1990 ). The nutrient composition of barley, like that of many other basal ingredients, is subject to a degree of variation that makes accurate diet formulation difficult (Wiseman et al., 1982; Patience and deLange, 1996) . This variation in nutrient content is generally attributed to differences among cultivars as well as to variation in growing conditions. Several studies have described the range in the chemical composition of barley. Starch levels have been found to deviate from 48 to 72%, CP from 9 to 16%, total b-glucan from 2 to 11%, ADF from 4 to 8%, and NDF from 12 to 20% (100% DM) (Bhatty et al., 1975; Castell and Bowren, 1980; Ullrich et al., 1984; Henry, 1988) . Such differences in chemical constituents among samples most likely explain why the DE content of barley has been found to vary by up to 20%, or approximately 600 kcal of DE/kg of DM.
The variation in the energy content of barley reduces the precision of diet formulation, resulting in less predictable animal performance, and possibly increased feed costs and lower carcass quality. This imprecision tends to downgrade the market value of barley as a feed ingredient, and, if excess nutrients are inadvertently included in the diet, increase the amount of nutrients excreted into the slurry. Precise knowledge of the nutritive value of feed ingredients is essential if accurate diet formulation, resulting in more predictable animal performance and less impact of pork production on the environment, is to be achieved. The objectives of the present study were to characterize the nature of the variation in the energy content of barley and to develop a system(s) that accurately estimates the DE and ME levels in individual barley samples.
Materials and Methods

Selection and Preparation of the Barley Samples
The five spring-seeded covered barley varieties used in this study were selected to provide a cross-section of those grown on the Canadian prairies and used in significant quantities by the swine industry: 'AC Lacombe,' 'B-1602,' 'Bedford,' 'Harrington,' and 'Manley.' Four samples of each of these five varieties were collected from Alberta, Manitoba, and Saskatchewan to ensure geographic and environmental diversity. Within each variety, one sample was selected to be below average, one was to be above average, and two were to be near average in test weight. Thus, the primary goal of the sample selection process was not to compare cultivars, but rather to provide a diverse array of barley samples for investigations into the nature of energy variability in barley.
The Canadian Grain Commission (Saskatoon, SK, Canada) graded each barley sample and conducted dockage and test weight measurements. Kernel density, 1,000 kernel volume, and 1,000 kernel weight were determined according to the methods of Pawlowski (1962) . To measure 1,000 kernel volume, the methods of Pawlowski (1962) were modified by using a rubber stopper to keep the barley kernels from floating to the surface of the water in the graduated cylinder. The volume of the stopper was subtracted to yield net water displacement by the kernels.
The 20 barley samples were individually ground through a Jacobson hammermill (Model #160-D, Jacobson Machine Works, Minneapolis, MN) using a 3.2-mm screen. Particle size, number of grain particles per gram, and mean particle surface area were determined by the Department of Grain Science and Industry at the Kansas State University (Manhattan, KS).
Digestibility of Nutrients
Twenty diets were formulated to contain 96.4% of one of each of the barley samples, 3.2% minerals and vitamins, and .4% chromic oxide (Table 1) . Barley was assumed to be the only source of energy in the diet; the slight contribution of energy from vitamin and mineral premixes was assumed to be negligible. Vitamins and minerals were supplied at levels formulated to exceed the requirements of 20-to 50-kg growing pigs as defined by NRC (1988) .
Sixty crossbred barrows (Camborough-15 dams × Canabrid sires, Pig Improvement Canada, Acme, AB, Canada), with average initial and final body weights of 35.3 and 38.7 kg, respectively, were assigned to one of three replicates of 20 pigs each. Pigs were initially weighed before the start of each of the five observations and placed in steel metabolism crates (1.83 × .71 m ) for an average of 18 d. The crates were located in an environmentally controlled room with a temperature of 21 ± 1°C. In the first two replicates, two total tract observations were collected from each pig, and no pig received the same diet twice. The pigs used in replicates one and two were kept in the metabolism crates for an average of 33 d. In the final replicate, only one observation was gathered per pig. During replicates two and three, two pigs were removed from the study due to poor appetite. Therefore, 2 of the 20 dietary treatments had four observations instead of five.
Feed was provided twice daily as a mash, at 0700 and 1700. Water was continuously available through a nipple drinker. During a 10-d period of adjustment to the metabolism crates and diets, ADFI was gradually increased until it was estimated to supply a DE intake equivalent to 2.5 × maintenance (NRC, 1988) . The diet fed during the adaptation period was identical to the experimental diets, but generic barley was used with an average test weight of 63 kg/hL. The ADFI was 1,320 g for observations one, three, and five and 1,380 g for observations two and four. Once all pigs were consuming their target feed level consistently, the animals were randomly allocated to 1 of the 20 sample diets. For each observation, pigs were given a 5-d period to adapt to their respective experimental diet followed by a 5-d total collection period. Feed refusals and spillage were collected daily and weighed.
Feces were collected twice daily into plastic bags, composited for each pig, and stored at −20°C until subsequent analysis. Urine was collected twice daily into an acid-washed 4-L plastic jug containing 12 mL of HCl and weighed, and a 5% aliquot was strained through filter paper to remove particulate matter and stored at −20°C. A representative feed sample was obtained from each replicate and then pooled for each of the 20 barley diets and stored at −20°C for subsequent analysis. Care of the animals during the digestibility trial was approved by the University of Saskatchewan Animal Care Committee to ensure adherence to the Canadian Council of Animal Care guidelines (UCACS Protocol #950077).
Analytical Methods
Fecal samples were thawed and mixed thoroughly in a Hobart mixer (model D-300-T, Hobart Corp., Troy, OH). Samples of 300 g were transferred to aluminum pans and frozen at −20°C in preparation for lyophilization (Model 40-SUB, Virtis Co. Ltd., Gardiner, NY). Urine aliquots were thawed and thoroughly mixed. Duplicate 10-g samples were transferred into preweighed polyethylene envelopes and frozen at −20°C in preparation for lyophilization.
The 20 feed and barley samples and the 98 fecal samples were air-equilibrated and ground through a 1-mm screen in a Retsch grinder (model ZM1, Brinkman Instruments of Canada Ltd., Rexdale, ON, Canada). All chemical analyses were then conducted in duplicate.
Dry matter analysis of the barley, feed, and fecal samples was determined with method 934.01 (AOAC, 1990) . The following analyses were conducted on the feed and fecal samples; ether extract ( EE) was determined with method 7.061 (AOAC, 1984) , nitrogen with method 984.13 (AOAC, 1996) , chromic oxide with the method of Fenton and Fenton (1979) , ADF and ADL with method 973.18 (AOAC, 1990) , and NDF with the method of Van Soest et al. (1991) with predigestion of 50 mL of thermostable a-amylase (A-3306, Sigma Chemical Co., St. Louis, MO) per sample to enhance starch precipitation. A Labconco crude fiber extractor (model 30011, Labconco Corp., Kansas City, MO) was used for ADF and NDF determination.
The barley samples were analyzed for ash content measured according to method 942.05 (AOAC, 1990) , calcium and phosphorus with method 7.099b (AOAC, 1984) , and crude fiber with method 962.16 (AOAC, 1990) .
Nitrogen content of the 98 urine samples was analyzed with method 976.05 (AOAC, 1990). Gross energy in the barley, feed, urine, and fecal samples was measured with adiabatic bomb calorimetry (Parr Adiabatic Calorimeter, model 1200, Parr Instruments, Moline, IL).
For analysis of starch, nonstarch polysaccharides ( NSP) , and b-glucans, the 20 barley samples were ground in a Retsch grinder through a .5-mm screen. Starch determination in the barley samples was based on the method of Salomonsson et al. (1984) , total, insoluble, and soluble NSP were based on the method of Englyst and Hudson (1987) and Englyst (1989) ; uronic acids were determined with the method of Englyst and Hudson (1987) ; and total, insoluble, and soluble mixed-linkage b-glucans were determined with the method of McCleary and Codd (1991) .
Calculations and Statistical Analyses
All digestibility coefficients were measured on the 20 feed samples and were then later converted to reflect the digestibility of the individual barley sample. The small portion of the experimental diets that consisted of minerals, vitamins, and chromic oxide (3.6%) was assumed to have a negligible contribution to the digestibility of DM, GE, CP, EE, ADF, and NDF. Therefore, the digestibility coefficients of the feed samples were divided by the percentage of barley in the diets (96.4%) and are reported as such.
Apparent total tract digestibility coefficients for DM, GE, CP, EE, ADF, and NDF were determined with both the total collection and chromic oxide methods. All digestibility coefficients were calculated based on the total collection method. The indicator method was conducted to confirm original results and would have been used in the event of technical problems. Metabolizable energy was estimated from urinary energy losses. The ME corrected for retained nitrogen ( ME n ) was calculated using a caloric value of 7.45 kcal/g of nitrogen (Harris et al., 1972) . Net energy of the 20 barley samples was calculated according to the method of Noblet et al. (1994) .
This experiment was a completely randomized design and the data were analyzed using the mean, correlation, GLM, and one-way ANOVA procedures of SAS (1985) . The individual animal and barley sample were the experimental unit for analyzing the data from the digestibility trial and analysis of the chemical constituents, respectively. The linear regression equations for predicting the DE and ME value of the barley from the chemical constituents and physical measurements were calculated with the stepwise regression procedure within SAS (1985) .
Results
Physical Characteristics of the Barley Samples
Even though the same hammermill and screen were used in all cases, there was a difference ( P < .05) in Table 2) . Samples of 'AC Lacombe' and 'Bedford' had the largest particle size, the lowest particle surface area, and the fewest particles per gram. None of the other physical measurements differed among variety ( P > .05). Test weights ranged from 54.2 to 69.7 kg/hL among the 20 samples; however, there was no significant difference among the varieties. There were notable differences between the official test weight, determined on cleaned and sieved samples, and those carried out on uncleaned samples. This was due to a wide variation in the quantity of dockage contained within the different samples.
Chemical Characteristics of the Barley Samples
There were differences ( P < .05) in the levels of EE, total NSP, soluble arabinoxylans, and total arabinoxylans among the five barley varieties (Table 3) . Although other chemical constituents were not different among variety ( P > .05), there was a wide range in values for the different constituents among all 20 samples, and within each variety.
The mean standard deviation was larger for most chemical constituents within a variety compared to the mean standard deviation among varieties. In other words, variation within a variety was greater for most constituents than variation among varieties. For example, the average standard deviation of crude fiber within a given variety was 3.5 times that among varieties. The total and within-, and among-variety standard deviation values shown in Table 3 illustrate the variation in chemical composition of the barley samples used in this study.
There was an interaction ( P < .05) between variety and cleaned test weight for ash, cellulose, insoluble arabinoxylans, and number of particles per gram. Due to the limited number of samples per variety, these interactions are inconclusive.
Nitrogen Retention Characteristics of the Barley Samples
There were no differences in nitrogen balance due to variety (Table 4) . However, apparent nitrogen digestibility ranged from a low of 60.7% to a high of 79.1% among the 20 samples. The amount of daily nitrogen retained was greatest for the pigs fed 'B-1602' diets (13.0 g/d) and lowest for the pigs fed 'AC Lacombe' (8.9 g/d). These results also showed larger variation within variety than among varieties. The only exception was nitrogen retained when expressed as a percentage of intake; given the nature of this calculation, the similarity of variation within and among varieties is not surprising.
Digestibility Characteristics of the Barley Samples
There were no differences in the apparent digestibility coefficients of ADF, NDF, EE, and CP among varieties (Table 5) . Overall, the ADF fraction in the barley samples, representing primarily cellulose and lignin, was poorly digested by the growing pigs (9.0%), particularly when compared to the NDF fraction (54.4%). Acid detergent fiber and NDF digestibility coefficients varied from 5.7 to 13.7% and 47.6 to 56.6%, respectively, for the five varieties. The EE and CP fractions were digested to a much greater degree than the structural carbohydrates. The digestibility of DM ranged from 71.5 to 83.5% among the 20 samples.
The DE content of the 20 barley samples ranged from 2,686 to 3,133 kcal/kg, with an overall mean of 2,934 kcal/kg (Table 5 ). This represents a variation in DE of 15.2%, or 447 kcal. The average DE levels The average ME/DE ratio was 97.4% for the 20 barley samples. The mean urinary energy loss was 76.9 kcal, with little variation among barley samples or varieties. The mean ME value was 2,857 kcal/kg, and it ranged from 2,777 kcal/kg in 'Bedford' to 2,934 kcal/kg in 'B-1602'. The overall variation in ME was 15.2%, or 434 kcal. As reported for DE above, there was a 9.2%, or 263-kcal, range of ME within variety, compared to a 5.5%, or 157-kcal, range among varieties. The ME n content for individual samples was 81.0 kcal lower on average than their corresponding ME value. The 20 barley samples had a calculated mean NE content of 2,149 kcal/kg based on the equations provided by Noblet et al. (1994) . Figure 1 illustrates the different levels of DE produced from the four primary energy-contributing constituents (starch, CP, EE, and complex carbohydrates represented by NDF) in the 20 barley samples. This figure illustrates the relationship between DE Figure 1 . Estimated digestibility of the energy-contributing components of the 20 barley samples. Levels of chemical constituents and digestibility were based on actual observed data. Gross energy values were assumed to be as follows: starch and NDF: 4,150 kcal/kg; EE: 9,350 kcal/kg; CP: 5,650 kcal/kg − observed urinary energy, kcal/kg (Crampton and Harris, 1969; Maynard et al., 1979) . Starch was assumed to be 100% digestible.
Relationships to Energy Content
and the chemical components that contribute to the total energy supplied by the barley kernel. Barley samples that had higher than average levels of starch and below mean levels of NDF resulted in DE levels greater than the mean DE value for the 20 samples.
Physical parameters such as kernel density, cleaned test weight, and 1,000 kernel weight were correlated ( P < .01) to DE, ME, ME n , and NE. Kernel density had the highest coefficient of determination ( R 2 ) with DE (.65), followed by cleaned test weight (.64) and 1,000 kernel weight (.48). Measurements of particle size, surface area, particles per gram, 1,000 kernel volume, and dockage were not correlated ( P > .01) to DE, ME, ME n , and NE. Figures 2A to 2D show the relationship of kernel density, cleaned test weight, 1,000 kernel weight, and particle size to DE among the 20 barley samples.
Poor predictive relationships were observed between DE and GE ( R 2 < .01), ash ( R 2 = −.23), EE ( R 2 < .01), and CP ( R 2 = .07). Starch levels in the 20 barley samples was positively correlated ( R 2 = .41) with DE ( Figure 3A) .
All structural carbohydrates (total arabinoxylans, total NSP, cellulose, NDF, and ADF) were negatively correlated ( P < .01) to DE, except total b-glucans. The levels of total b-glucans among the 20 barley samples had a positive relationship to DE ( R 2 = .15; Figure  3B ). Figures 3C and 3D illustrate the negative effect NDF ( R 2 = −.68) and ADF ( R 2 = −.85) content have on DE, respectively. The ADF fraction had the greatest single impact on influencing the variation in DE content among all physical and chemical measurements.
Based on those arithmetic relationships, which correlation analysis found to be significant, stepwise regression was used to develop equations that could be used to predict DE and ME levels in barley. The physical and chemical variables were included when they improved ( P < .05) the predictive accuracy of the equation.
The accuracy of estimating DE based on chemical variables (Table 6 ) was greatest when ADF was included in the equation. The ADF fraction was the most significant variable influencing energy variation (DE and ME) among. This strong relationship led to the development of Eq. 1, 2, and 3 (Table 6) , which have high coefficients of determination ( R 2 = .87 to .90) and low residual standard deviations ( RSD = 45 to 51). Crude fiber and NDF were found to be next in value for explaining the variation in DE, followed by ADL and total b-glucans. The structural cell wall carbohydrates were the best predictors of DE content.
Physical measurements allowed for a reasonably accurate estimation of DE, as shown by Eq. 4 and 5 in Table 6 . Kernel density, cleaned test weight, 1,000 kernel weight, and particle surface area were the four most significant variables. Kernel density accounted for 65% of the total variation in the energy content of the 20 barley samples. The addition of GE to the physical and chemical prediction equations occasionally resulted in a minor improvement in estimation of DE. In general, GE was not an effective predictor of DE or ME.
Equations 6 to 8 (Table 6 ) estimate DE based on a combination of selected physical and chemical parameters. Kernel density was the primary predictor variable when ADF, CF, and NDF were not included in the model (Eq. 6 in Table 6 ). The accuracy of all models was further improved by the inclusion of ADL, starch, CP, and total b-glucans.
Prediction of ME was also carried out with chemical and physical variables, and combinations of the two. Equation 9 (Table 7 ) demonstrates the accuracy of DE as a predictor of ME values. Alone, DE accounts for 99% of the variation in the ME content of the 20 barley samples.
As with DE, the structural carbohydrates, characterized chemically as ADF, CF, NDF, and ADL fractions, were the best variables for estimating ME (Eq. 10 and 11 in Table 7 ). Variables such as kernel density, cleaned test weight, particle surface area, and number of particles per gram were the most effective physical traits for estimating the ME content of barley (Eq. 12 and 13 in Table 7 ). Equations that combined the chemical and physical variables to predict the ME content of barley resulted in several accurate equations (Eq. 14 to 16 in Table 7 ). All equations required ADF, CF, or NDF to explain the majority of the variation in the ME content. Kernel density was an effective variable and improved ME prediction accuracy. Starch, total b-glucans, ADL, and number of particles per gram also improved the precision of ME estimation.
Discussion
Energy Variation in Barley
The method of selecting the barley samples used in this study was designed to increase the likelihood of observing a high degree of variation in DE, ME, and NE content of the 20 samples. In this respect, it was highly successful, because the determined DE content varied by 447 kcal/kg, or 15.2%. This was important because the objectives of the study were to investigate the nature of nutrient variability in barley, determine its chemical or physiological basis, and develop ways to address it under commercial conditions. Variability in energy content was, therefore, essential to success. However, even though the study was designed to ensure access to barley samples with a high degree of variability, the results are in agreement with other reports of a more random approach to sample collection. For example, Peers and Taylor (1977) , Castell and Bowren (1980) , and Honeyfield et al. (1986) observed ranges of DE content from 9.3 to 21.2%. Table 7 . Most effective prediction equations of ME (kcal/kg; 90% DM) based on chemical and physical variables (% or kcal/kg; 90% DM) of the barley samples a a TW, KW, DENS, VOL, PS, SA, ST, and b-GLU = cleaned test weight, 1,000 kernel weight, kernel density, 1,000 kernel volume, particle size, particle surface area, starch, and total b-glucans, respectively. The range in the DE and ME content reported in this study should not be used to define the variability of barley as a feed ingredient. The small sample size and lack of randomness in its selection probably exaggerate the standard deviation.
In commercial pork production, the majority of barley formulated into swine diets would have test weights in the 60 to 65 kg/hL range; however, test weight was shown once again to be a poor predictor of nutrient content (Bhatty et al., 1974; Christison and Bell, 1975) . Eliminating very lightweight grain would eliminate at least some of the poorer samples. However, even eliminating all barley samples with test weights less than 60 kg/hL or greater than 65 kg/ hL still resulted in an 11.6%, or 339 kcal/kg, range in DE. This variation in DE among samples with a narrow range in test weight supports the need for improved methods to more accurately estimate nutrient composition of individual samples prior to their use in animal feeds.
The mean DE value determined for these barley samples was 2,934 kcal/kg, somewhat lower than standard values, which are typically 3,100 kcal/kg (NRC, 1988; Patience et al., 1995) . However, other digestibility trials have yielded similar DE values, suggesting that the variation in barley DE observed among samples within this study is also observed among several studies. For example, the mean DE values for barley studied under similar conditions by Peers and Taylor (1977) , Bhatty et al. (1979) , Castell and Bowren (1980) , and Anderson and Bell (1983) were 3,045, 2,761, 2,915, and 2,917 kcal/kg, respectively.
One possible explanation for the lower DE could be the larger than expected particle size of the ground barley. Although a 3.2-mm screen was used, the mean particle size of the barley reported herein was 1,115 mm, well above the 600-to 700-mm level recommended for barley fed to growing swine (Goodband and Hines, 1988) . However, particle size was not highly correlated with DE ( R 2 = −.06). It is therefore difficult to conclude that particle size was a significant factor in influencing the measured energy content of the 20 barley samples.
Factors Influencing Energy Variation
Various physical measurements were considered in the present study, including kernel density, cleaned and uncleaned test weight, and 1,000 kernel weight. All were correlated ( P < .01) with DE and ME, with kernel density the best predictor, followed by cleaned test weight and 1,000 kernel weight. Equations 4 and 12 in Tables 6 and 7 , respectively, illustrate how four physical measurements can adequately explain 85% of the total variation in DE and ME. Physical measurements can be advantageous commercially because these are usually more rapid and less expensive than chemical assays and require less sophisticated equipment.
The DE and ME content of the barley samples were highly correlated with chemical assays that estimated levels of structural cell wall carbohydrates and lignin. Although total b-glucans, cellulose, lignin, and NDF did not differ among variety, there was a large range in the composition of the 20 samples taken as a whole. As expected, the higher the dietary fiber content the lower the digestibility of dry matter and energy.
Acid detergent fiber, a total measurement of cellulose and lignin, was the most significant factor affecting the DE and ME variation. Simple regression analysis of the current data suggests that for every 1% increase in ADF, there is a 3% (93 kcal) decrease in DE (Eq. 9, Table 6 ). This significant correlation between insoluble dietary fiber, such as ADF, and DE has been observed by Perez et al. (1980) , Bell et al. (1983 ), Bach Knudsen et al. (1987 ), and Beames et al. (1996 . These studies have all demonstrated strong correlations, as high as −.96, between the digestibility of energy in barley and the cellulose and lignin fractions of the barley grain. Perez et al. (1980) reported that the cellulose content in barley was responsible for 93% of the total variation in the energy content. Other researchers have been able to accurately estimate energy levels in barley with NDF as the primary predictor variable (King and Taverner, 1975; Morgan et al., 1987) .
The cellulose and lignin contained in the ADF fraction of the 20 barley samples were poorly digested by the growing pigs. Due to the lack of enzymes that can effectively degrade these complex carbohydrates, pigs are forced to rely on microbes in the small and large intestine for their digestion (Low, 1985; Graham et al., 1989) . It is likely that cellulose and lignin act as a diluent and, thus, lower the energy content by displacing more digestible fractions such as starch. However, the dilution effect does not fully explain the changes in energy content, because a 1% increase in ADF resulted in a 3% decrease in DE. Clearly, these constituents can also affect the digestibility of nutrients (Low, 1985; Bell and Keith, 1991) . In the present study, the ADF levels in the 20 barley samples were negatively correlated with the digestibility of CP ( −.62). Digestibility of EE or NDF was not affected by ADF levels in the grain. Even though correlations do not define cause and(or) effect, this negative relationship requires further consideration.
The poor digestibility of cellulose and lignin serve to make ADF an effective predictor of both DE and ME. Some researchers have suggested that a limited range in the levels of insoluble dietary fiber has impaired its effectiveness as a predictor of DE and ME (Wiseman and Cole, 1983; Beames et al., 1996) . However, the narrow range of ADF levels in the 20 barley samples used herein (4.5 to 9.2%) did not seem to reduce the effectiveness of ADF as an accurate estimator of DE or ME in barley. More research is required to better understand the effect insoluble dietary fiber has on energy utilization in growing pigs.
The results of this study demonstrate that it is possible to estimate the DE and ME content of barley from chemical and(or) physical variables. The prediction equations listed in Tables 6 and 7 are those that have been developed to be accurate, cost-effective, and practical. The cost and repeatability of the required chemical analyses or physical measurements, as well as overall accuracy, were important considerations in selecting the most suitable equations. Equation 9 (Table 6 ) and Eq. 17 (Table 7 ) represent the best combination of accuracy and practicality when estimating DE and ME levels in barley.
